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Addition of N,N,NV,NV-tetramethyl-p-phenylendiamine (TMPD) to thylakoid membranes isolated from pea leaves initiates the appearance
of peak I in the polyphasic rise of chlorophyll (Chl) fluorescence observed during strong illumination, making it similar to that observed in
leaves or intact chloroplasts. This effect depends on TMPD concentration and incubation period of isolated thylakoids with TMPD. The
resolution of I-peak in the presence of weak concentrations of TMPD which reduced the overlap between I- and P-peaks, resulted from a
decreased reduction of both fast and slow plastoquinone (PQ) pools of the granal and stromal thylakoids, respectively, as TMPD effectively
accepts electrons from reduced PQ. High concentrations of TMPD markedly decreased the J–I–P phase of fluorescence rise and greatly
retarded the I–P step rise. Accumulation of oxidized TMPD in the thylakoid lumen accelerated the re-oxidation of the acceptor side of
Photosystem II (PSII) as illustrated by a two-fold increase in the magnitude of the fast component and complete suppression of the middle
component of the variable Chl fluorescence (Fv) decay in the dark. Evidently, exogenous addition of high concentrations of TMPD prevented
the light-induced reduction of the slow PQ pool.
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1. Introduction models of PSII function [1]. Fluorescence induction orEver since the relationship between light reactions in
photosynthetic tissues and chlorophyll a (Chl a) fluores-
cence emerged, the latter phenomenon has been extensively
used as an efficient intrinsic probing tool to investigate the
electron transport reactions in Photosystem II (PSII) and
substantially contributed to the elaboration of different0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2003.09.002
Abbreviations: Chl, chlorophyll; DCBQ, 2,6-dichloro-p-benzoquinone;
DCMU, 3-(3V,4V-dichlorophenyl)-1,1-dimethylurea; DBMIB, 2,5-dibromo-3-
methyl-6-isopropyl-p-benzoquinone; FeCN, ferricyanide; (Fo (=O), basal
level of chlorophyll fluorescence; Fm (=P)maximum level of chlorophyll
fluorescence; Fv (=FmFo), variable fluorescence; OEC, oxygen-evolving
complex; PSII and PSI, photosystem II and photosystem I; QA and QB,
primary and secondary quinone acceptors of photosystem II; PQ,
plastoquinone
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E-mail address: Robert_Carpentier@uqtr.ca (R. Carpentier).Kautsky effect [2] represents the measurement of Chl a
fluorescence yield as a function of time during continuous
illumination. Upon excitation of dark-adapted intact photo-
synthetic tissues, the initial fluorescence measured with all
reaction centers in open state, Fo (O), rises to a peak level, Fm
( = P), observed when all reaction centers are closed, with
two intermediate steps J (I1) and I (I2), respectively [3–5].
When this polyphasic rise of Chl a fluorescence is plotted on
a logarithmic time scale, the peaks J, I, and P are noticeable
1–2, 20–50 ms, and about 1 s after the onset of actinic light,
respectively [5].
Experimental evidences and theoretical simulations sug-
gest the accumulation of specific redox states of the inter-
mediate electron carriers within PSII at J-, I-, and P-steps of
the polyphasic transient [6–9]. The fluorescence rise at J-
step was ascribed to the build up of QA
QB state, whereas the
I-step rise was associated predominantly with the accumu-
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QB
 state with low levels of QA
QB
2  and
QA
QBH2 redox states [9]. A further increase in QA
QBH2
state would prevail during the P-step rise [10]. When
electron transport reactions at the donor or acceptor side of
PSII is modified by a variety of treatments, the polyphasic
rise of Chl a fluorescence is significantly altered [1]. A
decline in J-step level, an increase in the dip after J-peak, and
a consequent suppression of the J–I–P phase were attributed
to donor side quenching of Chl a fluorescence [4] or S-state-
dependent quenching [11,12] owing to perturbations in
electron donation to Yz [1,3,12]. More recently, modifica-
tions of the J-step were proposed to reflect the redox state of
the PSII acceptor side [13].
The first-order rate constant of the J–P phase (passing I-
step) in PSII particles can be linearly correlated with the
relative rates of oxygen evolution [14]. This J–P rise is
completely suppressed by diuron that blocks the electron
transport from QA to QB, which supports the notion that the
J–I–P phase indeed represents the reduction of the PQ pool
[10,13–17]. However, the suppression of I–P phase by
oxidized PQ is debatable as the reduction of the PQ pool
proceeds in a shorter time scale with a half-time of forward
electron transfer from QA
 to QB of 200–400 As [18–20].
Moreover, the time-constants for the binding of heteroge-
neously distributed PQ molecules, from the fast and slow
pools to the QB site are 2–4 and 60–80 ms, respectively
[20]. Thus, in contrast to these explanations, the J–I phase
of fluorescence rise was also proposed to reflect the forma-
tion of light-induced membrane voltages [21].
The recognition of a functional assignment to either I- or
P-step of fluorescence rise is fraught with difficulties in
infiltration of intact leaves with many inhibitors and artifi-
cial electron donors/acceptors on one hand and significant
losses in PQ pool in isolated PSII particles on the other.
Importantly, neither broken chloroplasts nor isolated PSII
particles showed a clear segregation of O-, J-, I, and P-steps
as found in leaves or intact chloroplasts [13,14,21,22]. We
investigated the specific action of N,N,NV,NV-tetramethyl-p-
phenylenediamine (TMPD), a lipophilic electron acceptor of
PSII, in isolated thylakoid membranes. Low concentration
of oxidized TMPD initiated the appearance of a well-
resolved I-peak in the Chl fluorescence rise of thylakoids
owing to a retarded reduction of the PQ pool. This is the
first report of the restoration of I-peak in vitro. The J–I–P
phase of Chl a fluorescence declined with increasing con-
centrations of TMPD. The suppression of the I–P phase rise
was correlated with the delayed reduction of the slow PQ
pool and increased rates of the re-oxidation of QA
 by
oxidized TMPD.Fig. 1. Original traces of Chl fluorescence rise induced by a 3-s irradiation
with white actinic light of 2960 Amol quanta m 2 s 1 and its subsequent
dark decay measured in isolated thylakoids without additive (1) or in the
presence of 200 AM (2), 375 AM (3), 750 AM (4), 1100 AM (5), or 1500 AM
(6) TMPD. Upward triangle indicates the onset of weak excitation light;
upward and downward arrows indicate white actinic light on and off,
respectively. Thylakoids were incubated for 1 min with TMPD.2. Materials and methods
Pea (Pisum sativum L.) plants were grown in a climatic
chamber under light provided by a xenon lamp at a fluence
rate of 200 Amol quanta m 2 s 1 at 20F 2 jC. Thylakoidswere isolated from freshly harvested, cooled pea leaves
following the procedure as outlined in Ref. [23]. Thylakoids
were suspended in a measurement medium containing 20
mM Hepes–NaOH, 10 mM NaCl, and 2 mM MgCl2 (pH
7.5). Chl was assayed according to Porra et al. [24]. Chl
concentration during measurements was 50 Ag ml 1.
TMPD was oxidized prior to measurements by storage
under air in the dark for 24 h.
Chl fluorescence was measured using either a Plant
Efficiency Analyser (PEA) (Hansatech, King’s Lynn, Nor-
folk, UK) or a Pulse Amplitude Modulated (PAM) Chl
fluorometer (Walz, Effeltrich, Germany) in glass cuvettes
with an optical pass of 1.065 mm. When PEAwas used, red
light (peaking at 650 nm) with an intensity of 4000 Amol
photons m 2 s 1 obtained from six light-emitting diodes
served as excitation source. White actinic light for measure-
ments with the PAM Chl fluorometer was obtained from a
Fiber-Lite light source (Microview, Thornhill, ON, Canada)
and controlled by an electronic shutter. The fluorescence
signals were recorded using the Walz Data Acquisition
System PDA-100 (Walz). All measurements were carried
out in darkness.3. Results and discussion
Fig. 1 shows the original traces of Chl fluorescence rise
induced by strong white light in isolated thylakoids and its
Fig. 2. Original traces of fast Chl fluorescence rise induced by red light of
4000 Amol quanta m 2 s 1 in intact leaves (1) or in isolated thylakoids
without additive (2) or in the presence of 30 AM (3), 120 AM (4), 200 AM
(5), or 430 AM (6) TMPD. Thylakoids were incubated for 1 min with
TMPD.
Fig. 3. Original traces of fast Chl fluorescence rise without additive (1) or
exposed to 200 AM TMPD for 1 min (2), 2 min (3), or 4 min (4).
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rescence increased from the basal level O to the maximum
level P (Fig. 1, trace 1). Short incubation of thylakoids with
TMPD even at low concentration retarded the light-induced
Fv rise (Fig. 1, trace 2). An increase in the concentration of
TMPD decreased the magnitudes of both O and P levels of
Chl fluorescence (Fig. 1, traces 3–6). Additionally, with
high concentrations of TMPD, a clear dip appeared in the
kinetics traces (Fig. 1, traces 4–6).
The original traces presented in Fig. 1 were obtained
using the double-beam PAM fluorometer and were noisy.
The precise kinetics of light-induced Chl fluorescence rise
was studied with the single-beam PEA device. Fig. 2 shows
that the kinetics of Chl fluorescence rise in intact leaves
exhibited a well-resolved O–J–I–P rise (trace 1 indicated
as the dashed line), whereas in isolated thylakoids it con-
sisted of only two distinct phases, O–J and J–P (trace 2) as
reported previously [13,21,25]. Addition of 30 AM TMPD
was already sufficient to initiate the appearance of an
intermediate step between points J and P in isolated thyla-
koids (Fig. 2, trace 3). This step became more pronounced
as TMPD concentration increased. This coincided with a
decrease in the magnitude of P-peak and a retardation of its
formation (Fig. 2, trace 4). At the highest TMPD concen-
trations used in Fig. 2, a well-resolved peak with a following
dip appeared between points J and P (Fig. 2, traces 5 and 6).
The position of this peak, about 30 ms after the onset of
actinic light, identifies this inflection point as peak I. This
well-resolved I-peak was not observed in thylakoids before
this work [13,21]. It must be noted that the position of I-
peak in gradually developing Chl fluorescence rise curves of
isolated thylakoids is usually assigned only by analogy with
intact tissues [13,21,25]. This indicates a clear possibility tosimulate the polyphasic kinetics of Chl fluorescence rise in
isolated thylakoid membranes as observed in leaves or intact
chloroplasts [22].
The changes in Chl fluorescence rise observed in isolated
thylakoids depended not only on the concentration of TMPD,
but also on the incubation period. Fig. 3 presents a set of
kinetic curves that were recorded at different time intervals
after TMPD (200 AM) had been added to isolated thylakoids.
Peak I and the following dip were more pronounced as the
incubation period with TMPD increased (Fig. 3).
The position of I-peak on a time scale basis was not
affected by increasing concentrations of TMPD (see Fig. 2)
or by prolonged incubation periods (see Fig. 3). However,
the formation of peak P was delayed and the magnitude of
the peak greatly declined (Fig. 3, trace 4). The above
indicates a retarded reduction of the slow PQ pool. Indeed,
the fluorescence rise at I- and P-steps was proposed to
reflect the reduction of the fast and slow PQ pools, respec-
tively, during strong light illumination ([10] and references
therein). Thus the formation of peak P corresponds with the
half reduction time of the slow PQ pool (800–1000 ms)
[15].
On the acceptor side of PSII, electrons are transferred
from the membrane-bound QA to a two-electron acceptor
QB. When QB is doubly reduced, it leaves from its binding
site on the polypeptide D1 as PQH2. Binding of a new
oxidized plastoquinone molecule from the PQ pool main-
tains the photochemical competence of PSII. Thus, the re-
oxidation of PQH2 at the cytochrome b6/f complex in the
up-stream electron transport chain recycles the oxidized PQ.
As the redox state of QA is closely related to the redox state
of PQ [26], we analysed the re-oxidation kinetics of QA
 in
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mic plots of the dark decay of Fv (see Fig. 1) after a 3-s
irradiation with white actinic light. Three exponential com-
ponent with half-times of 34 ms (fast component), 240 ms
(middle one), and 1030 ms (slow one) were found in Fv dark
decay in untreated thylakoids. The slower time-constant for
the fast component observed here is attributable to the use of
longer duration of the measuring light [20,27,28] and lower
resolution time of the pulse amplitude modulated fluorim-
eter. The magnitude of the fast component was significantly
enhanced (by 37% and 90%) with the addition of 38 and
200 AM TMPD, respectively (Fig. 4, traces 1c, 2c and 3c).
However, the amplitude of middle component declined by
about 20% with the addition of 38 AM and was completely
suppressed if 200 AM TMPD was used (Fig. 4, trace 1b and
2b). The fast component represents the binding of PQ
molecules to the binding site of QB in granal PSII centers
[15,20]. Besides, a considerable amount of the PQ reductionFig. 4. Semi-logarithmic plots of dark decay of variable Chl fluorescence induced
additive (1a) or in the presence of 38 AM (2a) or 200 AM TMPD (3a), and deconvo
time scale, curves 1c–3c) of the dark decay curves.takes place during the fluorescence rise at J– I phase
[7,8,29]. Therefore, a two-fold increase in the amplitude
of the fast component provides evidence for the increased
exchange of the granal PQ pool facilitated by TMPD that
likely acts as electron acceptor as in the case of artificial
acceptors such as ferricyanide (FeCN) and 2,6-dichloro-p-
benzoquinone (DCBQ), which are even more efficient in
oxidizing PQH2 [22,30].
A complete loss of the middle component in thylakoids
treated with 200 AM TMPD illustrates the rapid re-oxidation
of the slow PQ pool [15] as this component is ascribed to
the displacement of QB by stromal PQ molecules [20].
TMPD is effectively reduced by PSII but reduced TMPD
can enter into the thylakoid lumen and donate electrons to
Photosystem I (PSI) [31]. As a consequence of the photo-
oxidation of TMPD, the increased pool of oxidized TMPD
in the thylakoid lumen [32] prevents the accumulation of
reduced PQ.by a 3-s irradiation with white light of 2960 m 2 s 1 in thylakoids without
luted middle components (1b and 2b) and fast components (inset in extended
Fig. 5. Original traces of Chl fluorescence transients induced by white light
of 175 W m 2 in isolated thylakoids treated with 15 AM diuron in the
absence (1) or presence of (2) 20 AM TMPD. Upward triangle indicates the
onset of weak excitation light; upward and downward arrows indicate white
actinic light of 175 W m 2 on and off, respectively.
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ponent of the dark decay of Fv (Fig. 4, traces 1a, 2a, and 3a)
decreased with the addition 38 or 200 AM of TMPD to
thylakoid samples. Obviously, charge recombination of QA

with the S2-state of the oxygen-evolving complex (OEC) is
retarded [28]. This was verified with the measurement of the
dark relaxation of the Fv decay in isolated thylakoids using
20 AM TMPD in the presence of 15 AM diuron, which
completely prevented the electron transfer from QA
 to QB.
In diuron-treated thylakoids, the dark decay of Fv proceeded
with a half-time of about 2 s after a 10-s irradiation with
white light (Fig. 5, curve 1). The addition of TMPD even at
concentrations as low as 20 AM significantly delayed this
decay (Fig. 5, curve 2) owing to the non-availability of
recombination partners.
Artificial electrons acceptors such as FeCN, DCBQ, and
TMPD are known to quench Chl a fluorescence because of
their ability to accept electrons from PSII. Thus, a progres-
sive decline in the fluorescence yield at J-, I-, and P-steps
(Figs. 1 and 2) indicates the competition between electron
acceptance and enhanced photochemistry [30]. Furthermore,
the suppression of the I–P step of Chl a fluorescence rise is
attributable to the increased electron input into PSI centers
by TMPD as the electron acceptor methyl viologen inter-
cepts the electron transport at the acceptor side of PSI and
curtails the PSI mediated cyclic electron transport. This
reflects the increased uptake of oxygen from the reaction
mixture as the photooxidation of TMPD involves the
consumption of O2 [33]. These observations implicitly
suggests that when the electron donation to PSI is enhancedin the presence of TMPD, the slowly reducible PQ is
impaired as suggested in Ref. [34].
In summary, the specific ability of TMPD to initiate the
complex kinetics of Chl fluorescence rise in isolated thyla-
koids similar to that observed in intact chloroplasts provides
good perspectives to study how various redox agents and
inhibitors, including those impermeable through the outer
chloroplast envelope, may affect this process. It will pro-
mote a better understanding of the nature of the different
steps of polyphasic Chl fluorescence rise in intact autotro-
phic cells as well. Particularly, it seems to be relevant to the
investigation of the recently proposed photocurrent origin of
I-peak [21].Acknowledgements
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